Insulin-like growth factor-I (IGF-I) has been implicated as a regulator of lens development. Experiments performed in the chick have indicated that IGF-I can stimulate lens ®ber cell differentiation and may be involved in controlling lens polarization. To assess IGF-I activity on mammalian lens cells in vivo, we generated transgenic mice in which this factor was overexpressed from the aA-crystallin promoter. Interestingly, we observed no premature differentiation of lens epithelial cells. The pattern of lens polarization was perturbed, with an apparent expansion of the epithelial compartment towards the posterior lens pole. The distribution of immunoreactivity for MIP26 and p57(KIP2) and a modi®ed pattern of proliferation suggested that this morphological change was best described as an expansion of the germinative and transitional zones. The expression of IGF-I signaling components in the normal transitional zone and expansion of the transitional zone in the transgenic lens both suggest that endogenous IGF-I may provide a spatial cue that helps to control the normal location of this domain. q
Introduction
The lens of the eye is a polarized structure. An epithelial layer covers the anterior hemisphere while the interior and posterior surface is occupied by the ®ber cell mass. The epithelial and ®ber cells represent a single lineage; the epithelial cells proliferate and move to the equator of the lens. Below the equator in the transitional zone, epithelial cells differentiate into elongated ®ber cells and ultimately reside in the lens interior. The ®rst insight into the regulation of lens polarization came from elegantly simple experiments performed more than three decades ago (Coulombre and Herrmann, 1965; Coulombre and Coulombre, 1963) . It was shown that chick lenses rotated through 1808 to orient the epithelium toward the retina would completely repolarize over a period of days. This implied that all the stimuli required to establish polarization would be found in the surrounding ocular media. The question of the identity of polarizing stimuli has been of interest to developmental biologists ever since.
The lens is regionally compartmentalized. This feature makes the lens an attractive model system as any perturbation in lens development may lead to instructive morphological changes. The epithelium of the lens is the only place where cell division occurs and even within the epithelium, there are zones where rates of proliferation are distinct (McAvoy, 1978) . The highest level of proliferation is found in epithelial cells adjacent to the ciliary process, while the rate in the adjacent region extending to the tip of the iris is lower. These observations have led to the suggestion that factors positively regulating proliferation may be produced in the ciliary process (McAvoy, 1978) .
Insulin-like growth factor-I (IGF-I) is well recognized as a major regulator of growth (Efstratiadis, 1998) . It was ®rst implicated in the regulation of lens development when a ®ber cell differentiation factor derived from chick vitreous (originally called lentropin) was shown to be identical or very similar to IGF-I (Beebe et al., 1987) . Explanted chick lens epithelial cells respond to IGF-I by differentiating and show a very limited proliferative response (Hyatt and Beebe, 1993) . By contrast, in explants of rat lens epithelia, IGF-I alone is a poor differentiation stimulus compared with FGF (Richardson et al., 1993) . Only when combined with FGF1 does IGF-I clearly have a role in differentiation and then it synergizes with FGF1 to produce a more potent response. These contrasting observations have led to the suggestion that IGF-I may have distinct functions in avian and rodent species and in turn, that perhaps there has been some evolutionary divergence in the control of ®ber cell development (Lang, 1999) .
To gain further understanding of IGF-I function in lens development using an in vivo system, we have performed a gain-of-function analysis and overexpressed IGF-I in the lens of transgenic mice. This has not resulted in premature differentiation of the epithelium but in a distinctive change in the lens transitional zone. The distribution of markers associated with the lens equator supports the suggestion that the changed morphology represents an expansion of the transitional zone. An analysis of proliferation in the transgenic lens indicates a redistribution of dividing cells both early in development and at the day of birth. Combined, these observations suggest that in the mouse, IGF-I is not suf®cient to stimulate ®ber cell differentiation but that it may function to de®ne the location of the transitional zone.
Results

Generation of transgenic mice overexpressing IGF-I in the lens
To produce a transgenic mouse in which cells of the lens lineage were exposed to high levels of IGF-I, we generated lines with a construct in which the mouse IGF-I open reading frame was expressed from the aA-crystallin promoter (Chepelinsky et al., 1985) (Fig. 1A) . A total of three transgenic lines were derived using standard methods of pronuclear injection and screening (Hogan et al., 1986) . Since the phenotypic consequences of transgene expression in the hemizygous state were mild, each of the lines were bred to homozygosity and maintained through interbreeding of homozygous animals. The presence of very similar lensspeci®c phenotypes (Table 1) in two of the three lines generated precluded the possibility that changes were due to transgene-mediated insertional mutagenesis.
Despite the observation that endogenous aA-crystallin is expressed in epithelial cells of the lens (Robinson and Overbeek, 1996) previous analysis has shown that when used in transgenic mice, the aA-crystallin promoter is restricted in its expression to ®ber cells (Chow et al., 1995; Robinson et al., 1995a; Treton et al., 1991) . To determine whether the aA-IGF-I transgene showed the same pattern of expression, we performed in situ hybridization on histological sections. As anticipated, transgene expression was restricted to differentiating lens ®ber cells (Fig. 1B) . In situ hybridizations performed on lens sections from wild-type mice indicated that a low but detectable level of endogenous IGF-I transcript could be detected in the epithelial cells just anterior to the lens equator (Fig. 1C ). This required a longer substrate development time than used for transgenic sections. This is consistent with earlier studies showing that IGF-I is expressed in the epithelial compartment in the rodent (Danias and Stylianopoulou, 1990; Kleffens et al., 1999) and avian (Caldes et al., 1991) lens. A sense probe produced no detectable signal (data not shown). 
IGF-I overexpression causes lens polarization defects and cataracts
In examining the consequences of IGF-I overexpression for lens development, we compared the morphology of wildtype and transgenic lenses at embryonic day (E) 13.5. At this stage of development, the transgene has been expressed for a period of approximately 2 days and the elongating primary ®ber cells have reached the anterior epithelium. Wild-type lenses showed the typical polarized morphology with anterior epithelium, posterior ®ber cell mass and equatorial bow regions ( Fig. 2A) . In contrast, the ®ber cell elongation program in lenses from homozygous line 7 aA-IGF-I transgenic mice appeared delayed as there was a distinct posteriorization of the bow region that was particularly evident on the nasal side (Fig. 2B ). This morphological change was observed in lines 1 and 7 (Table 1 ) but was only obvious in a proportion (approximately 60% for line 7 and 25 % for line 1) of homozygotes. Interestingly, there was no indication of premature epithelial cell differentiation. 1/1 transgenic mice. Hematoxylin-stained sections of wild-type (A) and aA-IGF-I.7 1/1 (homozygous) (B) mice at E13.5. The bow region, where the nuclei of cells undergoing the epithelial to ®ber transition are found, is marked with a red line. Immuno¯uorescence labeling of MIP26, a ®ber cell marker in wild-type (C) and aA-IGF-I.7
1/1 (D) mice. The transitional region, where MIP26 immunoreactivity is low, is marked by a white bracket. Immuno-labeling for p57(KIP2) in the wild-type (E) and aA-IGF-I.7
1/1 lens showing broader and more posterior distribution of p57(KIP2) immunoreactivity (white brackets) in the transgenic (the non-nuclear labeling represents non-speci®c background). In all panels, nasal is to the left, temporal to the right.
To further assess the polarization defect, we labeled wildtype and aA-IGF-I transgenic lenses with antibodies to region-speci®c markers. MIP26 (Major Intrinsic Protein 26) is a lens-lineage differentiation marker and identi®es lens ®ber cells (Fig. 2C ) (Shiels and Bassnett, 1996) . The transition from MIP26-negative to MIP26-positive cells occurs just posterior to the lens equator in wild-type lenses (Fig. 2C ). In contrast, in aA-IGF-I.7
1/1 transgenic lenses, the MIP26 transition occurs more gradually and in a more posterior position on the nasal side of the lens suggesting a more protracted transition to the ®ber cell differentiation program.
p57 (KIP2) is an inhibitor of cyclin-dependent kinases and is normally found at high levels at the lens equator in cells that are exiting the cell cycle (Gomez Lahoz et al., 1999; Lovicu and McAvoy, 1999) . Consistent with both the morphological assessment and MIP26 labeling of aA-IGF-I transgenic lenses, the region in which p57(KIP2)-positive cells are found is broader and more posterior in aA-IGF-I homozygotes than in wild-type mice (compare Fig. 2E,F) . Taken together, these data suggest that overexpression of IGF-I causes the transitional zone of the lens to expand posteriorly.
The pattern and level of epithelial cell proliferation is changed in aA-IGF-I transgenic lenses
To determine whether transgenic lenses showed a modi®ed pattern of proliferation, we performed a quantitative analysis of BrdU labeling (see Section 4). For this purpose, we have employed a modi®ed lens coordinate system (McAvoy, 1978; Mikulicich and Young, 1963) . This analysis was performed on homozygous line 7 aA-IGF-I at E13.5 and P0.
Homozygous line 7 aA-IGF-I lenses provided evidence for a changed pattern of epithelial cell proliferation. At E13.5, a greater number of BrdU-positive cells were observed between the 258 (adjacent to the tip of the retinal cup) and 558 coordinates (Fig. 3A ) though in only one sector (40±508) was the increase statistically signi®cant. An evaluation of the total average number of BrdU-positive cells per section indicated no signi®cant change (Fig. 3B) . At P0, more dramatic effects were observed in the aA-IGF-I transgenic animals. Posterior to 158 (mid ciliary epithelium) the level of proliferation was signi®cantly higher than wild-type, while at 258 (the peak value in wild-type animals) it was lower (Fig. 3C) . Towards the anterior pole of the lens, there was also a signi®cant increase in the number of BrdU-positive cells in both the 658 and 858 sectors. Overall, the number of BrdU-positive cells at P0 was increased by a statistically signi®cant 22.5% in transgenic animals compared with wild-type (Fig. 3D) . These data indicate that expression of the transgene resulted in an increase in cell proliferation in the lens epithelium and a posterior redistribution consistent with relocation of the germinative and transitional zones.
Adult a A-IGF-I transgenic mice develop cataracts and capsule rupture
To determine whether there were effects of the aA-IGF-I transgene in older mice, we examined a series of adult animals of each line. When compared with wild-type adults (Fig. 4A) , it was clear that all the transgenic lines showed cataracts, with line 7 (Fig. 4B ) animals having the most severe form. Cataracts were apparent as opacities of variable shape that were visible through the cornea. Histological sections showed that transgenic lenses were seriously disrupted (Fig. 4C±F) . The lens capsule often ruptured posteriorly (Fig. 4E,F ) and the nucleus of the lens displaced into the vitreous adjacent to the retina (Fig. 4D,E) . At the edge of the break in the capsule (Fig. 4D, arrow) there was typically a spiral structure where the capsule had rolled up (Fig. 4E,F) . Lens contents in the form of disrupted ®ber cell matrix were observed extruded through the capsule rupture (Fig. 4F, asterisk) . In the lenses of adult transgenic mice, the lens epithelial layer was morphologically normal with no indication of premature ®ber cell differentiation anterior to the equator.
Discussion
IGF-I has been proposed as a regulator of lens development. This suggestion arose with the isolation of lentropin, a chick ®ber cell differentiation factor identical to IGF-I (Beebe et al., 1987) . To address the question of whether IGF-I could regulate lens polarization in mammals, we overexpressed IGF-I in the lenses of transgenic mice and examined the consequences. This approach is a useful alternative to the examination of mice in which genes involved in IGF signaling system are deleted (Efstratiadis, 1998) and where systemic manifestations make interpretation dif®cult. We have documented that overexpression of IGF-I in the mouse lens results in a change in lens polarization best described as a posterior expansion of both germinative and transitional zones. We currently do not have an explanation for the observation that this change is more dramatic on the nasal side but may re¯ect asymmetric activity of signaling pathways in the eye.
Arguably, at least two cellular responses can explain the phenotype observed in the IGF-I overexpression mice. First, the overall increased level of epithelial cell proliferation at the day of birth suggests that IGF-I may stimulate lens cell proliferation directly and this is consistent with the expression of IGF-I receptors by lens epithelial cells (Alemany et al., 1990; Bassas et al., 1987; Bassnett and Beebe, 1990; Jacobs et al., 1992 ) the presence of IGF-I in the epithelial cells of the normal chick lens (Caldes et al., 1991) and the general role of IGF-I as a growth stimulus (Efstratiadis, 1998) . IGF-I overexpression also results in a redistribution of proliferating cells. This is most evident in P0 lenses where increased proliferation is observed in posterior epithelium. The most likely explanation for the change in proliferation pattern is that the ®ber cells overproducing IGF-I are immediately adjacent to the posterior epithelial cells and therefore have the ability to enhance proliferation in this domain. This might suggest that one factor contributing to the early morphological change in the lens is the production of more epithelial cells. Increased proliferation and an excess of lens cells might also explain the capsule rupture and cataracts observed in older animals.
Increased proliferation in the epithelium is not a suf®cient explanation for the morphological changes observed, however, as one would predict that excess epithelial cells would still differentiate appropriately once they reached the posterior compartment. This appears not to be the case as we observe an extended region of cells that do not express the differentiation marker MIP26 and do express the transitional zone marker p57(KIP2). For this reason, we suggest that IGF-I overexpression causes a posterior expansion of the transitional zone. In extending this argument, we can suggest that a local domain of endogenous IGF-I stimulation may be a critical spatial cue that de®nes the normal transitional zone in the lens lineage. This idea is consistent with the expression of IGF-I and its receptors in the transitional zone (Alemany et al., 1990; Burren et al., 1996; Caldes et al., 1991; de Pablo et al., 1993; Kleffens et al., 1999) . The expression of IGF-I in the ciliary process (Burren et al., 1996) also suggests a mechanism by which a focal concentration of endogenous IGF-I might be generated adjacent to the transitional zone in the normal eye.
Of some interest is the observation that excess IGF-I does not stimulate premature differentiation of epithelial cells. It has been shown that lens epithelial cells do have the capacity to differentiate as various ligands of the ®broblast growth factor (FGF) family can cause them to elongate and express ®ber cell-speci®c crystallins (Lovicu and Overbeek, 1998; Robinson et al., 1995b) . The activity of IGF-I in stimulating ®ber cell differentiation in chick epithelial explants (Beebe et al., 1987) and an albeit modest but similar activity in the rat (Richardson et al., 1993) might have suggested that epithelial differentiation would occur in the aA-IGF-I transgenics. With other responses providing an internal control, the absence of differentiation in these mice clearly indicates that IGF-I, by itself, is not suf®cient as a differentiation stimulus. It is possible that the apparent discrepancy between mammalian and avian species might be explained through evolutionary divergence in the response to IGF-I signaling.
Experimental procedures
Generation of transgenic mice
The aA-IGF-I construct was produced by inserting a 720 bp EcoRI fragment containing the entire coding sequence for the murine IGF-I precursor (Bell et al., 1986) into the EcoRI site of CPV2. This is a modi®ed aA-crystallin promoter vector described previously (Robinson et al., 1995b) . Following digestion with SacI, the 2 kb microinjection fragment was puri®ed from the 2.8 kb vector fragment by agarose gel band isolation and DNA puri®cation. The construct fragment was injected into FVB/N pronuclear stage embryos (Taketo et al., 1991) at a concentration of 2 mg/ml in a buffer containing 10 mM Tris±HCl (pH 7.4), 0.1 mM EDTA (Hogan et al., 1986) . Potential founder pups were tested by tail biopsy followed by DNA isolation and PCR analysis using primers speci®c for the SV40 region of CPV2 (Robinson et al., 1995b) or by Southern blot using an SV40 region probe.
Histological analysis
Tissues for histological analysis included staged mouse embryos or whole eyes from postnatal animals. Tissue samples were prepared and stained either with hematoxylin A section through the eye of an adult homozygous aA-IGF-I transgenic mouse indicates that the lens capsule has ruptured (arrow) and that as a consequence, the lens nucleus (ln) is positioned outside the capsule adjacent to the retina (r). In this example, both sides of the capsular rupture (E,F) show a distinctive spiral morphology where the edge of the capsule has rolled up. Disorganized ®ber cell mass has extruded into the vitreous (F, asterisk). cor, cornea; tz, lens transitional zone; ln, lens nucleus; r, retina; sfc, secondary ®ber cells; c, lens capsule; v, vitreous.
and eosin or only hematoxylin using conventional methods (Culling et al., 1985) . An assessment of cellular proliferation through S-phase labeling of cells with 5-bromo-2 Hdeoxyuridine (BrdU) was performed according to standard procedures (Takahashi et al., 1993) .
Immuno¯uorescence
Fixed embryos were processed for immunohistochemistry according to conventional methods (Harlow and Lane, 1988) . Polyclonal rabbit antisera for MIP26 (Horwitz and Bok, 1987 ) was used at a dilution of 1:200. Anti-p57(KIP2) antibodies were obtained from Santa Cruz Biotechnology Inc., and were used at a dilution of 1:100.
In situ hybridization
All embryos were washed in PBS and ®xed in 4% paraformaldehyde at 48C. Antisense RNA probes were labeled with digoxigenin during in vitro transcription and section in situ hybridizations were performed as described previously (Nieto et al., 1996) . The entire cDNA for murine IGF-I was used as a template for generating the in situ hybridization probe.
Determining the pattern of cell proliferation in the lens
The pattern of cell proliferation in normal and transgenic lenses was assessed by mapping BrdU labeled cells onto a lens coordinate system. This analysis was carried out both at E13.5 and at the day of birth (P0). For the embryonic analysis, pregnant female mice were injected with BrdU when embryos were at E13.5, the mother euthanized 1 h later and the embryos removed from the uterus by dissection. For P0 samples, newly delivered mouse pups were injected with BrdU, and 1 h later anesthetized with Metofane and euthanized. Both E13.5 embryos and the heads from P0 pups were ®xed overnight in 4% formaldehyde and then processed for paraf®n embedding.
The lens coordinate system was adapted from previous analyses (McAvoy, 1978; Mikulicich and Young, 1963) . Brie¯y, BrdU-labeled lens sections were imaged digitally and then printed. The center of the lens section was identi®ed as the intersection of two perpendicularly arranged lines de®ning the largest pole-to-pole and equator-to-equator distances. A grid of radially-arranged 108 sectors was then placed over the image with the intersection of the sectors at the lens center (Fig. 5) . The number of BrdU-positive cells falling into each sector was then counted. This quantitation was performed using sections that were within three sections of either side of the lens center (de®ned by identifying the largest section as measured with a microscope eyepiece graticle). Counts from a minimum of four mice of each genotype were pooled and the data presented as shown in Fig. 4 . Error bars shown represent standard error. 
